One of the greatest challenges within the Standard Model is to discover the source of visible mass. Indeed, this is the focus of a "Millennium Problem", posed by the Clay Mathematics Institute. The answer is hidden within quantum chromodynamics (QCD); and it is probable that revealing the origin of mass will also explain the nature of confinement. In connection with these issues, this perspective describes insights that have recently been drawn using contemporary methods for solving the continuum bound-state problem in relativistic quantum field theory and how they have been informed and enabled by modern experiments on nucleon-resonance electroproduction.
Emergence of Mass
The natural energy-scale for strong interactions is characterised by the proton mass:
where m e is the mass of the electron. In the Standard Model, m e is rightly attributed to the Higgs boson; but what is the source of the enormous enhancement to produce m p ? This is the crux: the source of the vast majority of visible mass in the Universe is unknown. Followed logically to its origin, this question leads to an appreciation that the existence of our Universe depends critically on, inter alia, the following empirical facts: (i) the proton is massive, i.e. the mass-scale for strong interactions is vastly different to that of electromagnetism; (ii) the proton is absolutely stable, despite being a composite object constituted from three valence-quarks; and (iii) the pion, responsible for long-range interactions between nucleons, is unnaturally light (not massless), possessing a leptonlike mass despite being a strongly interacting composite object built from a valence-quark and valence-antiquark. These are basic emergent features of Nature; and QCD must somehow explain them and many other high-level phenomena with enormous apparent complexity. The Lagrangian of chromodynamics is simple:
Here: {q j } are the quark fields, with j their flavor label and m j their Higgs-generated current-quark masses; and {A a µ , a = 1, . . . , 8} are the gluon fields, with { 1 2 λ a } the generators of the SU(3) (color/chromo) gauge-group in the * e-mail: cdroberts@nju.edu.cn fundamental representation. In comparison with quantum electrodynamics (QED), the solitary difference is the term describing gluon self-interactions, marked as the underlined piece in Eq. (2c). Somehow, L QCD -this one line, along with two definitions -is responsible for the origin, mass, and size of almost all visible matter in the Universe. That being true, then QCD is quite possibly the most remarkable fundamental theory ever invented.
The only apparent mass-scales in Eq. (2) are the current-quark masses, generated by the Higgs boson; but focusing on the valence quarks which define nucleons, i.e. u, d, this scale is more-than 100-times smaller than m p . No amount of "staring" at L QCD can reveal the source of that enormous amount of "missing mass"; yet, it is there. This contrasts starkly with QED wherein, e.g. the scale in the spectrum of the hydrogen atom is set by m e , a prominent feature of L QED that is generated by the Higgs boson.
The emergence of mass is seen even more keenly by considering that even treated as a classical theory, chromodynamics is a non-Abelian local gauge field theory. As with all such theories formulated in four spacetime dimensions, no energy-scale exists in the absence of Lagrangian masses for the matter fields. (The absence of such masses defines the chiral limit.) There is no dynamics in a scaleinvariant theory, only kinematics: the theory looks the same at all length-scales; hence, there can be no clumps of anything. Bound states are therefore impossible and, accordingly, our Universe cannot exist.
A spontaneous breaking of symmetry, as realised via the Higgs mechanism, does not solve this problem: the masses of the neutron and proton, the kernels of all visible matter, are roughly 100-times larger than the Higgsgenerated current-masses of the light u-and d-quarks, the main building blocks of protons and neutrons. Modern quantum field theories are built upon Poincaré invariance, so consider the energy-momentum tensor in classical chromodynamics, T µν . Conservation of energy and momentum is a consequence of spacetime translational invariance, elements in the set of Poincaré transformations; hence, ∂ µ T µν = 0. Suppose now that one performs a global scale transformation on the coordinates and fields in classical chromodynamics. In the absence of fermion masses, viz. suppressing the Higgs mechanism, the classical action is invariant under the scale transformation and the dilation current is conserved:
Evidently, the energy-momentum tensor must be traceless in a scale invariant theory.
Classical chromodynamics is not a meaningful framework for many reasons; amongst them the fact that strong interactions are empirically known to be characterised by a large mass-scale, m p ≈ 1 GeV. In quantising the theory, regularisation and renormalisation of ultraviolet divergences introduces a mass-scale. This is "dimensional transmutation": all quantities, including the field operators themselves, become dependent on a mass-scale. It entails violation of Eq. (3), i.e. the appearance of the chiral-limit "trace anomaly":
where β(α(ζ)) is QCD's β-function, α(ζ) is the associated running-coupling, and ζ is the renormalisation scale. Eq. (4) indicates that a mass-scale related to the resolving power of a given measurement is introduced via quantisation, viz. the scale emerges as an integral part of the theory's quantum definition.
There is another aspect of chromodynamics that should be highlighted; namely, the classical Lagrangian still defines a non-Abelian local gauge theory. Accordingly, the concept of local gauge invariance persists; but without a mass-scale, there is no notion of confinement. For example, three quarks can be prepared in a coloursinglet combination and colour rotations will keep the three-body system neutral; but the quarks involved need not have any proximity to one another. Indeed, proximity is meaningless because all lengths are equivalent in a scale invariant theory. Hence, the question of "Whence a massscale?" is equivalent to "Whence a confinement scale?".
Knowing a trace anomaly exists does not actually deliver a great deal: it only indicates that there is a massscale. The crucial issue is whether one can compute and/or understand the magnitude of that scale.
One can certainly measure the size of the scale anomaly, for consider the expectation value of the energymomentum tensor in the proton:
where the right-hand-side follows from the equations-ofmotion for a one-particle proton state. In the chiral limit, p(P)|T µµ |p(P) = −P 2 = m 2 p = p(P)|Θ 0 |p(P) ; (6) namely, there is a clear sense in which it is possible to conclude that the entirety of the proton mass is produced by gluons. The trace anomaly is measurably large; and that property must logically owe to gluon self-interactions, which are also responsible for asymptotic freedom. This is a valid conclusion. After all, what else could be responsible for a mass-scale in QCD? QCD is all about gluon self-interactions; and it's gluon self-interactions that (potentially) enable one to rigorously (nonperturbatively) define the expectation value in Eq. (6) . On the other hand, it's only a sensible conclusion when the operator and the wave function are defined at a resolving-scale ζ m p , viz. when one employs a parton-model basis.
There is also another issue, which can be exposed by returning to Eq. (5) and replacing the proton by the pion:
because the pion is a massless Nambu-Goldstone (NG) mode. Equation (7) could mean that the scale anomaly vanishes trivially in the pion state, viz. that gluons and their self-interactions have no impact within a pion because each term in the practical computation of the operator expectation value vanishes when evaluated in the pion. However, that is a difficult way to achieve Eq. (7) . It is easier to imagine that Eq. (7) owes to cancellations between different operator-component contributions. Of course, such precise cancellation should not be an accident. It could only arise naturally because of some symmetry and/or symmetry-breaking pattern. Equations (6) and (7) present a quandary, which highlights that no understanding of the source of the proton's mass can be complete unless it simultaneously explains the meaning of Eq. (7) . Moreover, any discussion of confinement, fundamental to the proton's absolute stability, is impossible before this conundrum is resolved. The explanation of these features of Nature must lie in the dynamics responsible for the emergence of m p as the natural massscale for nuclear physics; and one of the most important goals in modern science is to explain and elucidate the entire array of empirical consequences of this dynamics.
Gluons are Massive
Gluons must be the key; after all, their self interactions separate QCD from QED. Gluons are supposed to be massless. This is true in perturbation theory; but it is a feature that is not preserved nonperturbatively. Beginning with a pioneering effort almost forty years ago [1] , continuum and lattice studies of QCD's gauge sector have been increasing in sophistication and reliability; and today it is known that the gluon propagator saturates at infrared momenta [2] [3] [4] [5] [6] [7] [8] [9] [10] :
Thus, the long-range propagation characteristics of gluons are dramatically affected by their self-interactions. Importantly, one may associate a renormalisation-groupinvariant gluon mass-scale with this effect: m 0 ≈ 0.5 GeV ≈ m p /2, and summarise a large body of work by [9] . Also depicted, world's data on the process-dependent coupling α g 1 , defined via the Bjorken sum rule, the sources of which are listed elsewhere [6] . The shaded [yellow] band on k > 1 GeV represents α g 1 obtained from the Bjorken sum by using QCD evolution to extrapolate high-k 2 data into the depicted region [14] ; and, for additional context, the dashed [red] curve is the effective charge obtained in a light-front holographic model [15] . The k-axis scale is linear to the left of the vertical dashed line and logarithmic otherwise. stating that gluons, although acting as massless degreesof-freedom on the perturbative domain, actually possess a running mass, whose value at infrared momenta is characterised by m 0 .
Asymptotic freedom ensures that QCD's ultraviolet behaviour is controllable; but the emergence of a gluon mass reveals a new frontier within the Standard Model because the existence of a running gluon mass, large at infrared momenta, has an impact on all analyses of the bound-state problem. For instance, it could be a harbinger of gluon saturation [11, 12] . Furthermore, m 0 > 0 entails that QCD dynamically generates its own infrared cutoff, so that gluons with wavelengths λ σ := 1/m 0 ≈ 0.5 fm decouple from the strong interaction, hinting at a dynamical realisation of confinement [13] .
Process-Independent Effective Charge
There are many other consequences of the intricate nonperturbative nature of QCD's gauge-sector dynamics. Important amongst them is the generation of a processindependent running coupling, α PI (k 2 ) -see Refs. [6, 9] . Depicted as the solid [black] curve in Fig. 1 , this is a new type of effective charge, which is an analogue of the Gell-Mann-Low effective coupling in QED because it is completely determined by the gauge-boson propagator. The result in Fig. 1 is a parameter-free prediction, capitalising on analyses of QCD's gauge sector undertaken using continuum methods and informed by numerical simulations of lattice-QCD (lQCD). (9): solid curves -continuum nonperturbative results [16, 17] ; "data" -numerical simulations of lQCD [18] . The current-quark of perturbative QCD evolves into a constituent-quark as its momentum becomes smaller. The constituent-quark mass arises from a cloud of low-momentum gluons attaching themselves to the current-quark. This is DCSB, the essentially nonperturbative effect that generates a quark mass from nothing; namely, it occurs even in the absence of a Higgs mechanism. The size of M(0) is a measure of the magnitude of the QCD scale anomaly in n = 1-point Schwinger functions [19] . Moreover, experiments on Q 2 ∈ [0, 12] GeV 2 at the modern Thomas Jefferson National Accelerator Facility (JLab) will be sensitive to the momentum dependence of M(p) within a domain that is here indicated approximately by the shaded region.
As a unique process-independent effective charge, α PI appears in every one of QCD's dynamical equations of motion, including the gap equation, setting the strength of all interactions. α PI therefore plays a crucial role in understanding the dynamical origin of light-quark masses in the Standard Model even in the absence of a Higgs coupling, as described in the next section.
Dynamical Chiral Symmetry Breaking
The emergence of a gluon mass-scale in the Standard Model drives an enormous array of phenomena. Crucial amongst them is dynamical chiral symmetry breaking (DCSB), which is most readily apparent in the dressedquark propagator:
(9) S (p) can be predicted in QCD using nonperturbative continuum and lattice techniques. The quantity M(p 2 ) in Eq. (9) is the dressed-quark mass-function, whose computed behaviour is depicted and explained in Fig. 2 . Evidently, even in the absence of a Higgs mechanism, when current-masses vanish, quarks acquire a running mass whose value in the infrared is approximately m p /3. This is the scale required to support the constituent quark model and all its successes. It follows that DCSB can be identified as the source for more than 98% of the visible mass in the Universe, viz. DCSB is fundamentally connected with the origin of mass from nothing.
One must insist that chiral symmetry breaking in the absence of a Higgs mechanism is "dynamical," as distinct from spontaneous, because nothing is added to QCD in order to effect this remarkable outcome and there is no change of variables in L QCD that will make it apparent.
Instead, through the act of quantising the classical chromodynamics of massless gluons and quarks, a large massscale is generated in both the gauge and matter sectors.
DCSB is empirically revealed very clearly in properties of the pion. In fact [19] , the key to understanding Eq. (7) is a set of Goldberger-Treiman-like (GT) relations [20, 21] , the best known of which states:
where E π is the leading piece of the pion's Bethe-Salpeter amplitude (wave function), and B is the scalar piece of the dressed-quark self-energy, Eq. (9). This equation is exact in chiral QCD and expresses the fact that the Nambu-Goldstone theorem is fundamentally an expression of equivalence between the quark one-body problem and the two-body bound-state problem in QCD's colorsinglet flavor-nonsinglet pseudoscalar channel. Consequently and enigmatically:
The properties of the nearly-massless pion are the cleanest expression of the mechanism that is responsible for (almost) all the visible mass in the Universe. The manner by which this can be exploited at modern and planned facilities, in order to chart, inter alia, the origin and distribution of mass, is canvassed elsewhere [22] [23] [24] .
With the GT relations in hand, one can construct an algebraic proof [20, 21] , that at any and each order in a symmetry-preserving truncation of those equations in quantum field theory necessary to describe a pseudoscalar bound state, there is a precise cancellation between the mass-generating effect of dressing the valence-quark and -antiquark which constitute the system and the attraction generated by the interactions between them, i.e.
This guarantees the "disappearance" of the scale anomaly in the chiral-limit pion. An analogy with quantum mechanics thus arises: the mass of a QCD bound-state is the sum of the mass-scales characteristic of the constituents plus a (negative and sometimes large) binding energy. Since QCD's interactions are universal, similar cancellations must take place within the proton. However, in the proton channel there is no symmetry that requires the cancellations to be complete. Hence, the proton's mass has a value that is typical of the magnitude of scale breaking in QCD's one body sectors, viz. the dressed-gluon and -quark mass-scales.
The perspective just described may be called the "DCSB paradigm". It provides a basis for understanding why the mass-scale for strong interactions is vastly different to that of electromagnetism, why the proton mass expresses that scale, and why the pion is nevertheless unnaturally light. In this picture, no significant mass-scale is Masses of pseudoscalar and vector mesons, and ground-state positive-parity octet and decuplet baryons calculated using continuum (Cont m -squares, red) [33] and lattice [34] methods in QCD compared with experiment (PDG -black bars, with decay-widths of unstable states shaded in grey) [35] . The continuum study did not include isospin symmetry breaking effects, which are evidently small, as highlighted by the empirically determined Σ-Λ mass difference. possible in QCD unless one of commensurate size is expressed in the dressed-propagators of gluons and quarks.
Faddeev Equation for Baryons
The Faddeev equation was introduced almost sixty years ago [25] . It treats the quantum mechanical problem of three-bodies interacting via pairwise potentials by reducing it to a sum of three terms, each of which describes a solvable scattering problem in distinct two-body subsystems. An analogous approach to the three-valencequark (baryon) bound-state problem in quantum chromodynamics (QCD) is explained in Refs. [26] [27] [28] . In this case, owing to DCSB and the importance of symmetries [21] , a Poincaré-covariant quantum field theory generalisation of the Faddeev equation is required. Like the Bethe-Salpeter equation for mesons, it is natural to consider such a Faddeev equation as one of the tower of QCD's Dyson-Schwinger equations (DSEs), which are being used to develop a systematic continuum approach to the stronginteraction bound-state problem [29, 30] .
The first direct treatment of the Poincaré-covariant Faddeev equation for the nucleon is described in Ref. [31] . Following that approach, Refs. [32, 33] calculated the spectrum of ground-state J = 1/2 + , 3/2 + ()-baryons, where q, q , q ∈ {u, d, s, c, b}, their first positive-parity excitations and parity partners. Introducing two parameters, to compensate for deficiencies of the leading-order truncation when used for excited hadrons, a description of the known spectrum of 39 such states was obtained, with a mean-absolute-relative-difference between calculation and experiment of 3.6 (2.7)%. This is exemplified in Fig. 3 . The framework was subsequently used to predict the masses of 90 states not yet seen empirically.
Since solving the Faddeev equation yields Poincarécovariant wave functions for all these systems, information about their internal structure is also revealed. For instance, considering J = 3/2 + states, each has a complicated restframe angular-momentum profile. The ground-states are primarily S -wave in character, but each possesses P-, Dand F-wave components: the P-wave is large in {u, d, s}quark baryons. Turning to the first positive-parity excitations, each has a large D-wave component, which grows with increasing current-quark mass, but they otherwise exhibit features consistent with radial excitations.
Whilst a complete treatment of the Poincaré-covariant Faddeev equation is now possible using modern hardware, it remains a complex task. Hence, for the development of insights in a wide array of baryon problems, it remains common to treat the equation in a quark-diquark approximation, where the diquark correlations are nonpointlike and dynamical [36] . This amounts to a simplified treatment of the scattering problem in the two-body subchannels (as explained, e.g. in Ref. [37, Sec. II.A.2]), which is founded on an observation that the same interaction which describes colour-singlet mesons also generates diquark correlations in the colour-antitriplet (3) channel [38] [39] [40] . Whilst the diquarks do not survive as asymptotic states, viz. they are absent from the strong interaction spectrum [41, 42] , the attraction between the quarks in the3 channel sustains a system in which two quarks are always correlated as a colour-3 pseudoparticle, and binding within the baryon is effected by the iterated exchange of roles between the bystander and diquark-participant quarks. Contemporary studies indicate that diquark correlations are an important component of all baryons; and owing to the dynamical character of the diquarks, it is typically the lightest allowed diquark correlation which defines the most important component of a baryon's Faddeev amplitude [43] .
∆ Baryons
The quark+diquark picture of baryons has yielded a unified picture of the four lightest (I, J P ) = (1/2, 1/2 + ) baryon isospin doublets [44] . Turning to (3/2, 3/2 + ) states with no net strangeness, the ∆ +,0 baryons are conventionally viewed as the lightest isospin-and spin-flip excitations of the proton and neutron (nucleons, N), respectively. Hence, since nucleons are the basic elements of all nuclei, developing a detailed understanding of the ∆-baryons is of fundamental importance. Without this, hadron physics remains at a level akin to atomic physics based only on knowledge of the hydrogen atom's ground state.
In this connection, given the simplicity of electromagnetic probes, it is worth using virtual photons to chart ∆resonance structure; and using intense, energetic electronbeams at the JLab, γ * p → ∆ + data are now available for 0 ≤ Q 2 8 GeV 2 [45] [46] [47] . These data have stimulated much theoretical analysis and speculation about, inter alia: the role that resonance electroproduction experiments can play in exposing nonperturbative aspects of QCD, such as the nature of confinement and DCSB; the relevance of perturbative QCD to processes involving moderate momentum transfers; and hadron shape deformation.
Deformation can be characterised by a given hadron's spectroscopic quadrupole moment:
where Q 0 , the state's intrinsic deformation, is a measure of the D-wave component of its rest-frame-projected Faddeev wave function. The difference between Q and Q 0 expressed in Eq. (12) represents the averaging of the nonspherical charge distribution due to its rotational motion as seen in the laboratory/rest-frame. Plainly, Q = 0 when J = 1/2, i.e. there is no measurable quadrupole moment for an isolated J = 1/2 bound-state. It is worth remarking here that just above the ∆-baryon level lies the nucleon's first positive-parity excitation, viz. the Roper resonance, N(1440) 1/2 + . Discovered in 1963 [48] , its characteristics were long the source of puzzlement because, e.g. constituent-quark potential models typically (and erroneously) produce a spectrum in which this excitation lies above the first negative-parity state N(1535) 1/2 − [49] [50] [51] . This has now changed following: acquisition and analysis of high-precision proton-target exclusive electroproduction data with single-and double-pion final states, on a large energy domain and with momentum-transfers out to Q 2 ≈ 5 GeV 2 ; development of a dynamical reaction theory capable of simultaneously describing all partial waves extracted from available, reliable data; and formulation and application of a Poincaré covariant approach to the continuum bound-state problem in relativistic quantum field theory. Today, it is widely accepted that the Roper is, at heart, the first radial excitation of the nucleon, consisting of a well-defined dressed-quark core that is augmented by a meson cloud, which both reduces the Roper's core mass by approximately 20% and contributes materially to the electroproduction form factors at low-Q 2 [52, 53] .
Notably, a similar pattern of energy levels is found in the spectrum of ∆-baryons, viz. contradicting quarkmodel predictions, the first positive-parity excitation, ∆(1600) 3/2 + , lies below the negative parity ∆(1700) 3/2 − , with the splitting being roughly the same as that in the nucleon sector. This being so and given the Roper-resonance example, it is likely that elucidating the nature of the ∆(1600)-baryon will require both (i) data on its electroproduction form factors which extends well beyond the meson-cloud domain and (ii) predictions for these form factors to compare with that data. The data exist [54, 55] ; and can be analysed with this aim understood. This is especially important now that theoretical predictions are available [56] .
The Poincaré-covariant wave functions for the ∆(1232) and ∆(1600) are depicted in Ref. [56, Fig. 2 ], from which it is plain that, in their rest-frames, both the ground-state and first positive-parity excitation are primarily S -wave in character. Notably, the ∆(1232) mass is almost insensitive to non-S -wave components; and its quadrupole moment is large in magnitude and negative, indicating oblate intrinsic deformation. Turning to the ∆(1600) and considering its mass, P-wave components generate noticeable repulsion, D-waves produce some attraction, and F-waves can be neglected. Interestingly, in this quark+diquark approach, too, when comparing the ground state with the first positive-parity excitation, some of the S -wave strength is shifted into P-and D-wave contributions just as in the direct Faddeev equation solution described in Sec. 5. The intrinsic quadrupole moment of the ∆(1600) is just 45% of that of the ∆(1232). By this measure, the ∆(1600) is still oblate, but possesses less quadrupole deformation than the ∆(1232).
Regarding the γ * p → ∆ + (1232) transition, on Q 2 0.5m 2 p , i.e. outside the meson cloud domain for this process, the magnetic dipole and Coulomb quadrupole form factors reported in Ref. [56] agree well with available data. Consistent with the data, too, the electric quadrupole form factor is very small in magnitude; hence, it is particularly sensitive to the diquark content and quark-diquark angular-momentum structure of the baryons involved, and also to meson-baryon final-state-interactions (MB FSIs) on a larger domain than the other form factors. These remarks are supported by the following observations: the role played by higher partial waves in the wave functions increases with momentum transfer (something also observed in meson form factors), here generating destructive interference; agreement with data on G * M is impossible without the higher partial waves; and the effect of such components is very large in G * E , with the complete result for G * E exhibiting a zero at Q 2 ≈ 4m 2 p , which is absent in the S-wave-only result(s).
Drawn from Ref. [56] , predictions for the γ * p → ∆ + (1600) transition form factors are displayed in Fig. 4 . Empirical results are here only available at the real-photon point: G * M (Q 2 = 0), G * E (Q 2 = 0). Evidently, the quark model results -[shaded grey band] [58] , dot-dashed (brown) curve [59] and dot-dot-dashed [orange] curve [60] ) -are very sensitive to the wave functions employed for the initial and final states. Furthermore, inclusion of relativistic effects has a sizeable impact on transitions to positive-parity excited states [58] .
The quark+diquark Faddeev equation prediction is the solid [black] curve in each panel of Fig. 4 . In this instance, every transition form factor is of unique sign on the domain displayed. Notably, the mismatches with the empirical results for G * M (0), G * E (0) are commensurate in relative sizes with those in the ∆(1232) case, suggesting that MB FSIs are of similar importance in both channels.
Axial-vector diquark contributions interfere constructively with MB FSIs [37] ; hence, regarding form factors, one can mimic some meson-cloud effects by modifying the axial-vector diquark content of the participating hadrons. Accordingly, to illustrate the potential impact of MB FSIs, the transition form factors were also computed using an enhanced axial-vector diquark content in the proton. This was achieved by setting m 1 + = m 0 + = 0.85 GeV, values with which the proton's mass is practically unchanged. The procedure produced the dotted [green] curves in Fig. 4 ; better aligning the x 0 results with experiment and suggesting thereby that MB FSIs will improve the Faddeev equation predictions. Top panel -Magnetic dipole γ * p → ∆ + (1600) transition form factor; middle -electric quadrupole; and bottom: Coulomb quadrupole. Data from Ref. [35] ; and the conventions of Ref. [57] The short-dashed [blue] curve in Fig. 4 is the result obtained when only rest-frame S -wave components are retained in the wave functions of the proton and ∆(1600); and the long-dashed [blue] curve is that computed with a complete proton wave function and a S -wave-projected ∆(1600). Once again, the higher partial-waves have a visible impact on all form factors, with G * E being most affected: the higher waves produce a change in sign. This reemphasises one of the conclusions from the quark model studies, viz. data on the γ * p → ∆ + (1600) transition form factors will be sensitive to the structure of the ∆ + (1600).
It is interesting to observe that whilst all γ * p → ∆ + (1232) transition form factors are larger in magnitude than those for γ * p → ∆ + (1600) in some neighbourhood of Q 2 = 0, this ordering is reversed on Q 2 2m 2 p . One can thus argue that the γ * p → ∆ + (1600) transition is more localised in configuration space. It is also notable that R S M ∼ G * C /G * M is qualitatively similar for both γ * p → ∆ + transitions; but R EM ∼ G * E /G * M is markedly different, being of opposite sign on Q 2 4m 2 p and uniformly larger in magnitude for the ∆(1600). These observations again highlight the sensitivity of the electric quadrupole form factor to the degree of intrinsic deformation of the ∆-baryons.
Summary and Outlook

Particulars
Poincaré-covariance entails that no realistic hadron wave function can be purely S -wave in character. Hence, all J 0 hadrons possess intrinsic deformation; and for baryons, such deformation can be exposed via measurements of nucleon-to-resonance transition form factors. Of course, in relativistic quantum field theory, the magnitude and mixing between orbital angular momentum and spin is frame and renormalisation-scale dependent. This is also true of the interpretations of these quantities because the natural degrees of freedom evolve with scale. Consequently, even though Poincaré-invariant form factors are the same for all observers, their interpretation via subsystem degrees-of-freedom can change with frame and scale. All these remarks extend to deformation. A close connection with quantum mechanics notions of probability distributions can be made via light-front projections of Poincaré-covariant wave functions; but unless the studied quantity is protected by symmetry, even conclusions drawn from such projections are scale dependent.
Broader View
N * physics has made great strides in this millennium. For instance, continuum and lattice QCD approaches now appear to qualitatively confirm the constituent quark model spectrum; at least, they produce a spectrum of baryons that possesses a richness which cannot be explained by a twobody model; and the associated "missing resonance" problem is being addressed, with empirical gaps being filled.
Novel images of N * structure have been drawn through synergistic efforts between experiment and theory, with the availability of electroproduction data on a large Q 2 domain playing an especially important role. A signature example here is the emerging understanding of the Roper resonance as the first radial excitation of the nucleon's dressed-quark core augmented by a meson cloud whose presence has a material impact on its low-Q 2 properties. With this picture, the Roper becomes "normal", being much like the ∆-baryon in many ways.
Such experiment-theory interplay is proving critical in validating modern QCD theory predictions for the momentum-dependence of the running-coupling, -masses, and other basic Schwinger functions that are computable using continuum and lattice methods.
The next decade will see completion of the analysis of existing electroproduction data available on Q 2 ∈ [0, 5] GeV 2 and the gathering of new results out to Q 2 ≈ 12 GeV 2 . The new large-Q 2 data will probe deeply into the quark-core domain of N * structure, enabling empirical flavour separation of transition form factor contributions and, thereby, stringent tests of theory predictions regarding the role of diquark correlations within baryons. Furthermore, completed and new analyses of data on electroexcitation amplitudes of baryon parity partners will enable validation of predictions concerning the role of DCSB (emergent mass) in the spectrum and structure of nucleon resonances and help resolve questions relating to chiral symmetry restoration in highly excited systems.
Studies of these types, both ongoing and anticipated, will reveal facts about the running-coupling and -masses in QCD at length-scales associated with more-than 98% of the observable mass of a typical hadron. They are therefore crucial in developing answers to some of the Standard Model's most fundamental questions; namely, what is mass, what is confinement, and how are they related?
